Abstract-Robots are currently used in some applications to enhance human performance and it is expected that human/robot interactions will become more frequent in the future. In order to achieve effective human augmentation, the cooperation must be very intuitive to the human operator. This paper presents a variable admittance control approach to improve system intuitivity. The proposed variable admittance law is based on the inference of human intentions using desired velocity and acceleration. Stability issues are discussed and a controller design example is given. Finally, experimental results obtained with a full-scale prototype of an intelligent assist device are presented in order to demonstrate the performance of the algorithm.
I. INTRODUCTION
Although robots have been used for several decades, direct physical interactions between robots and humans are rare, for obvious safety reasons. The most evident means of ensuring safety is to segregate robots and human beings thereby leading to robots designed and programmed to work in a closed cell. However, in several applications, it is desirable to exploit the force capabilities of robots by directly combining them with the skills of a human being, hence leading to human augmentation. The main challenge for human augmentation systems is to perceive their environment and the human intentions and to respond to them adequately, intuitively and safely.
Applications involving physical human-robot interactions (pHRI) with large payloads typically make use of admittance control. In such applications, a handle or a force/torque sensor is normally used to detect human intentions [1] , [2] . It could also possible to use torque sensors at each robot joint [3] or to use the motor current feedback [4] in order to estimate contact forces with the environment. Colgate, Peshkin et al. also proposed different robots that are designed to collaborate with humans [5] , [2] .
In order to improve intuitivity, several variable admittance control laws have been developed in the literature. In [6] , the virtual damping is chosen between two prescribed values according to the velocity while in [7] the damping is adjusted online in order to minimize a selected cost function. In [8] , the damping is modified based on the online estimation of the human arm stiffness. Finally, in [9] , [10] , the time derivative of the force is used, in different ways, to adjust the virtual damping.
This paper proposes a novel robust variable admittance control scheme for pHRI. The paper is structured as follows. The fixed admittance model and the variable admittance control are first introduced. Stability issues are then discussed and a design example is developed. The intelligent assist device used for the experiments is then presented. Finally, experimental results that demonstrate the performance of the algorithm are provided.
II. ADMITTANCE MODEL
Two main control classes are used in haptic applications and pHRI, namely, impedance and admittance control. They are often both referred to as "impedance controllers" in the literature. Impedance controllers accept a displacement as input -which is measured -and react with a force. Devices controlled by this method should ideally have low inertia and friction or even no hardware imperfection since the user will inevitably feel these forces if they are not adequately compensated for. Admittance controllers, on the other hand, accept a force as input -which is measured -and react with a displacement [11] , [12] , [13] , [14] . Impedance controllers represent the vast majority of the controllers proposed in the literature and deployed in applications while admittance controllers are less common. Because of the large inertia and significant friction of the intelligent assist device (IAD) used in this work and presented in section IV, it would obviously be too hard for a human operator to impart a movement to the IAD, which makes impedance controllers not well adapted for the situation, even if a force sensor is used. Thus, an admittance controller is used. The one-dimensional admittance equation is written as:
where f H is the interaction force, i.e., the force applied by the human operator, m is the virtual mass, c is the virtual damping, k is the virtual stiffness, x 0 is the equilibrium point and x,ẋ,ẍ are respectively the position, velocity and acceleration. Since it is desired to simulate free motion, the stiffness k as well as the desired position x 0 , the desired velocityẋ 0 and the desired accelerationẍ 0 are set to zero. The admittance equation is then rewritten as:
The trajectory to be followed by the robot can be prescribed as a desired position or velocity. For velocity control, the desired velocity can be written, in the Laplace domain, as: 
whereẊ(s) is the Laplace transform ofẋ, F H (s) is the Laplace transform of f H and s is the Laplace variable. Velocity control is used here, similarly to what was done in [9] , [8] , [6] , [10] . Indeed, with position control, the robot would be attracted to a given reference position which does not represent the desired behaviour. A discretized desired velocity is obtained with a zeroorder-hold 1 and is represented in the following equation:
where f H (k) is the interaction force at time step k,ẋ d (k) is the desired velocity and T s is the sampling period. The desired acceleration at time step k, notedẍ d (k), is then represented by:ẍ Fig. 1 presents the control scheme used in this work where a proportional controller is used as the velocity controller in the experiments. No derivative gain is used since the signal is noisy (acceleration signal) and no integral gain is used since the behaviour to an operator input would then depend on the error history.
III. VARIABLE ADMITTANCE
The transfer function between the input force and the output velocity corresponds to that of a first order system, 1 a bilinear discretization could also have been used. given in (3) , where the parameters are the virtual mass (m) and the virtual damping (c). Namely, one has
With this transfer function H(s), it becomes apparent that the virtual damping affects the steady state value of the response while the ratio of the virtual mass over the virtual damping affects the dynamics (it changes the pole of the first order system). It is recognized in the literature that the damping parameter has a greater influence on the human perception than the virtual mass [15] , [9] . When the admittance parameters (virtual mass and virtual damping) are set to high values, a larger force is generally required to move the robot at a given velocity and/or acceleration. However, it is easier to perform fine movements since the robot is less reactive and interaction is thus smoother. When the parameters are set to low values, it is then generally easy to move the robot at high velocity and/or acceleration, but more difficult to perform fine movements. In summary, there is a compromise between the force required to move the robot and the ability to perform fine movements. This is the main drawback of a fixed admittance control. The objective of variable admittance control is to adjust the admittance parameters according to the inferred human intentions. In other words, high admittance parameters are desired when the operator performs fine movements while lower values of the parameters should be used when movements involving large accelerations are performed.
While in [6] only two values of the damping parameter are possible, in [15] , [7] , an optimal value is obtained for a specific repetitive task. Another approach is to use the time derivative of the force to infer human intentions [9] , [10] . Although good results were obtained with this approach in the latter references, robots will a relatively small workspace were used and the scalability of the method is not clearly demonstrated. Moreover, it is argued here that the time derivative of the force may not be an appropriate indication of the human intention. Indeed, a negative time derivative of the force corresponds to a desire to reduce the acceleration but not necessarily to a desire to decelerate, as suggested in [9] , [10] . The consequences of this misconception may not have been clearly observed in the experiments reported in the latter references due to the limited workspace involved, but they become apparent when larger systems are used. Additionally, the time derivative of the force is very noisy in practice. Although measures can be taken in order to alleviate the effects of noise in a laboratory environment, it is more difficult to extend the results to industrial environments where noise is typically much worse. Finally, it is pointed out that in all the above described approaches, only the virtual damping is varied while the virtual mass is kept constant, which limits the adaptability of the controller (see (6)).
In the next subsections, a new approach is proposed to infer human intentions and to adjust the admittance parameters accordingly. Before the novel algorithm is presented, limitations on the admittance parameters, due to stability issues, are discussed based on a stability analysis.
A. STABILITY ISSUES
It was clearly demonstrated in our experiments that there exists a lower bound on the virtual mass that the system can render. Below this mass, vibrations or instability may occur when the operator or environment is stiff. For instance, in [13] , [12] it was found that the minimum achievable virtual mass is approximately 6 to 10 times lower than the actual mass and that no maximal virtual mass exists. The minimum mass that a device can render is then hardware dependent (dynamics, friction, noise, transmission, stiffness, motors, etc.).
The minimum mass that can be rendered for different values of the virtual damping was determined experimentally for the motion along the X and Y horizontal axis of the IAD presented in section IV and the results are shown in Fig. 2 2 From the latter figures, it can be observed that there exists a critical damping (60N s/m for the IAD used here) below which it becomes difficult to render fast dynamics. Moreover, the minimum virtual mass to virtual damping ratio seems to converge to a limit value for an increasing damping. Stability constraints are more stringent for the motion along X axis than for the Y axis due to the larger inertia and compliance along the X axis.
B. VARIABLE ADMITTANCE PARAMETERS
This section explains how the admittance parameters are adjusted according to the inferred human intention and considering stability issues. The inference of the human intention is first explained, followed by the approach used to adjust the admittance parameters and practical tuning. 2 It should be noted that since the experimental determination of the minimum virtual mass involves reducing the value of this parameter until vibrations are observed, it is important to ensure that the vibrations are due to the low virtual mass and that they are not induced by the velocity controller itself.
1) HUMAN INTENTION:
Three possible human intentions can be considered, namely: (1) accelerate (2) stop (3) reverse direction. However, as it will be explained, only cases (1) and (2) will be considered here. If the operator wants to accelerate, the desired acceleration will be in the direction of the desired velocity. In order to help the operator to accelerate the IAD, the virtual damping and mass should be decreased according to the magnitude of the desired acceleration.
If the operator wants to stop the IAD, the desired acceleration will be in the direction opposite to the desired velocity. In accordance with (5) and from intuition, to help the operator stop the IAD, ideally, virtual damping should be increased while lowering the mass. Indeed, a mass moving at a given velocity will stop more rapidly if it is smaller and if the damping is larger.
If the operator wants to reverse the direction, there will be two phases: a deceleration -until the velocity reaches zero -followed by an acceleration in the opposite direction. From simulation and experiments, this maneuver is generally easier if the mass and damping are low, although it depends on initial and final conditions. The deceleration phase is detected if the desired acceleration is in the direction opposite to the desired velocity. However, in this case, the operator does not want to stop the device but rather reverse the direction.
The method proposed to detect the human intention is to monitor whether the operator wants to accelerate or decelerate. Based on the above discussion, there is a contradiction on how to vary the admittance parameters (i) when the operator wants to stop and (ii) during the deceleration phase when the operator wants to reverse direction. Indeed, in the former case, virtual damping should be increased while in the latter it should be reduced. It would be possible to include the magnitude of the interaction force in the analysis (if the operator wants to stop, the force should generally be smaller). However, this distinction is more difficult to make in practice and for the application considered here, it is more important to stop than to reverse direction. Therefore, ignoring the intention to reverse direction is not very significant in practice and is thus ignored. If the operator wants to reverse direction, the virtual damping will be increased in the deceleration phase -to stop the device -and then reduced in the acceleration phase -to accelerate the device.
Although it was mentioned above that the desire to accelerate or decelerate is monitored, no detail on how this is accomplished was given. First, the magnitude of the acceleration and its direction are simply monitored online using (5). One should note that this equation yields the desired acceleration and not the measured acceleration. Also, noise is introduced by the force sensor but not from the second time derivative of the position sensor, which would be much too noisy. Additionally, the force measured from the force sensor is filtered before being introduced in the admittance equation. One should note that if a saturation limit or a virtual limit is reached, the desired acceleration will not be directly computed from (5) as shown in Fig. 1 . The human intention is then deduced as shown in Fig. 3 : accelerate if the desired acceleration is in the same direction as the desired velocity and decelerate if they are in opposite directions. Admittance parameters are then respectively decreased or increased, according to the magnitude of the acceleration as explained in the next section.
2) ON-LINE ADJUSTMENTS OF THE ADMITTANCE PARAMETERS:
First, default values must be chosen for the admittance parameters. These values are applied when no acceleration is required. For low acceleration, the value of the admittance parameters will be near the default values. In other words, they will be applied when fine movements are required. Thus, in order to help the operator perform fine movements, a high damping is used as the default value. To obtain a smoother response, the mass should not be too low. The default virtual mass is chosen by applying a safety factor to the minimal virtual mass to virtual damping ratio (m/c) shown in Fig. 2 . The following derivation is given for motion along the X axis. In fact, both the X and Y axes should have the same parameters for the dynamics to be the same in all directions. Stability constraints being more restrictive for the X axis, the design is based on the latter.
For this example, the default values of the virtual damping and mass are respectively c f = 120N s/m and m f = 72kg (a real mass to virtual mass ratio of 7 -see section IV). Then, a minimum and maximum value are chosen. The minimum is set to the breakpoint appearing in Fig. 2 (60N s/m) , and the maximum at (150N s/m). There is no need to limit the virtual mass (which varies between 36 and 72kg in the experiments reported here) since the latter is computed as a function of the virtual damping, which is already limited.
As explained above, the damping must be decreased if the operator wants to accelerate and increased if he/she wants to decelerate. The following relationships are used:
for deceleration (8) where c v is the effective virtual damping while α a and α d are parameters to be tuned. Ideally, for a given maximum magnitude ofẍ d , noted |ẍ d | max , a rough estimate of α a and α d can be obtained by preventing c v from reaching the minimum c min or maximum c max allowed damping:
The adjustment of the virtual mass is now addressed. If the virtual mass is kept constant, as in [8] , [9] , [7] , [6] , [10] , some undesirable effects occur. First, when an acceleration is desired, the gain obtained by decreasing the virtual damping will be partially cancelled since the virtual mass to virtual damping ratio will increase significantly and thus the response will be slower (see (3)). The deceleration phase also raises issues. Indeed, in case of a deceleration, the virtual mass to virtual damping ratio will decrease as the damping increases. Depending on the current damping and on the stability zone, the stability border could be crossed (see Fig. 4 ). Therefore, it is clear that adjusting the virtual damping along with the virtual mass provides a better control over the behaviour of the device.
When an acceleration is desired, both virtual damping and virtual mass should be decreased. Although several solutions are possible, it is proposed here to keep the same virtual mass to virtual damping ratio as for the default values. The virtual mass to virtual damping ratio being constant, the dynamics of the device will remain similar, which is more intuitive for the operator.
When a deceleration is desired, ideally, the damping should be increased while the mass is decreased. In order to produce this behaviour while maintaining continuity of the parameters, an exponential function is used to compute the virtual mass. With this approach, the designer can choose a minimum virtual mass to virtual damping ratio and set a transition smoothness parameter. Equations for the variable mass are heuristically chosen as:
where m v is the effective virtual mass, β (0 < β < 1) is a parameter used to adjust the steady state virtual mass to virtual damping ratio and γ is a parameter used to adjust the smoothness with which the ratio changes. The virtual mass computed as a function of the virtual damping using the above equations is shown in Fig. 4 for motion along the X axis.
In the proposed approach, the virtual damping and virtual mass are varied proportionally to the magnitude of the acceleration. These parameters could also be varied according to the magnitude of the velocity in order to help the operator perform constant high velocity movements.
3) PARAMETER TUNING: It is recommanded that parameters α a and α d be tuned online. Indeed, although these Fig. 4 . Stability limits and controller parameter design for motion along the X axis: minimum virtual mass to virtual damping ratio vs virtual damping for X axis motion. The hatched zone is the zone in which vibrations can be felt by the operator while the clear zone is the vibration free zone.
parameters could be tuned using simulation data or with recorded force data (inputting the force data in (4)), human perception is very important and subjective which suggests that an online procedure should lead to better results. As mentioned above, an estimation of α a and α d can be obtained from the anticipated maximum magnitude ofẍ d using (9) .
Finally, experiments can be conducted with the robot for typical tasks and high accelerations. Monitoring the virtual damping during such experiments provides a good indication on how to set the α a and α d parameters so that the virtual damping effectively uses the range of variation available between the minimum and maximum values.
IV. PROTOTYPE OF A 4-DOF INTELLIGENT ASSIST DEVICE
The robot used for the experiments reported in this paper is a prototype of a 4-DOF intelligent assist device (IAD), shown in Fig. 5 , allowing translations in all directions (XY Z) and a rotation (θ) about the vertical axis. In this prototype, the total moving mass is approximately 500kg in the direction of the X axis and 325kg along the Y axis. Additionally, the payload may vary between 0 and 113kg. The horizontal workspace is 3.3m × 2.15m while the vertical range of motion is 0.52m. The range of rotation about the vertical axis is 120
• . Three different control modes are possible: autonomous motion, unpowered manual motion and interactive motion (cooperation). In this paper, only the latter is addressed. The controller is implemented on a real-time QNX computer with a sampling period of 2ms. The algorithms are programmed using simulink/RT-LAB software.
V. EXPERIMENTATION
In order to demonstrate the effectiveness of the proposed variable admittance method, two experimentations were performed. The first one consists in a drawing task while the second experiment consisted in giving an impulse to the 
A. DRAWING TASK
The drawing task consisted in starting from a given point, advance for 1.5m, get around an obstacle by turning 90
• , advance 1.25m and then move to the drawing board by performing a 1m lateral displacement. Finally, the operator had to follow the maze while tracing the path on a piece of paper with a pen mounted on the IAD at 1.4 metre from the operator. The instructions were to minimize the total time while minimizing the overshoots in the maze. Experiments were performed for 3 sets of parameters, namely: i) fixed low admittance parameters (c = 60N s/m and m = 36kg), ii) fixed high admittance parameters (c = 120N s/m and m = 72kg) and iii) variable admittance with default values of c f = 120N s/m, m f = 72kg and α a = α d = 10.
The experiment was performed by 6 subjects aged between 24 and 38. Task completion time, maze overshoots and subject comments were recorded. After some practice runs, each subject performed the task 3 times for each set of admittance parameters. For each set of admittance parameters, all 3 tests were performed one after the other, with the first test being only a practice trial. Subjects were not told which parameter set was used and the order was varied between subjects. Fig. 6 shows the task completion time and the total length of overshoots (the total length of the curve outside the maze) for all subjects and all parameter sets. In accordance with this figure, subjects commented that for the low admittance case, it was easy to accelerate but harder to perform fine movements. On the other hand, they reported it was easy to perform fine movements in the high admittance case, while a higher force was required for acceleration movements. Finally, with variable parameters, both the acceleration and fine movements phases were easy to perform. The average time to complete the task with variable parameters is similar to that obtained with the low admittance parameters and 20% lower than the time needed with the high admittance parameters. Additionally, the distance of overshoot obtained with the variable parameters is similar to that obtained with high admittance parameters while being five times lower than the overshoot distance obtained with the low admittance parameters.
B. IMPULSE
A very simple test to assess the effectiveness of the proposed approach consists in asking an operator to apply an impulse to the IAD. The impulse test was performed with low fixed admittance, with a high fixed admittance, as well as with a variable admittance, similarly to the drawing task. Since it is not possible for a person to repeatedly apply identical impulses, an impulse was recorded and then used as the force input instead of the force sensor. Fig. 7 presents the impulse force, position, desired velocity and acceleration and virtual damping and mass. For such high values of desired accelerations, the desired velocity and acceleration obtained with the variable admittance scheme are similar to those obtained with the low admittance parameters, which helps the operator to accelerate. However, the ability to perform fine movements remains since, in this phase, the variable parameters will be near their default values. Moreover, with the variable admittance parameters, the velocity decays more rapidly, due to a higher acceleration caused by the variable admittance control law.
CONCLUSION
A variable admittance control approach based on the inference of human intentions using desired velocity and acceleration was presented. The objective set forth from the outset, i.e., to eliminate the tradeoffs inherent to fixed admittance control was successfully achieved. Stability issues along with a controller design example were also presented. Finally, the effectiveness of the proposed approach was demonstrated with experiments performed on a full-scale prototype of an intelligent assist device. 
